The soil moisture sensor is of utmost importance in agriculture due to issues including water conservation and disease prediction. This work presents the design and development of a molybdenum trioxide (MoO3) based capacitive soil moisture microsensor. The sensor comprises an inter-digitated electrode (IDE) on a silicon wafer and MoO3 is drop cast on IDE, which acts as the sensing film. IDE on Si wafer is mounted on the printed circuit board (PCB) and electrical contacts are taken out. During the lab measurements, we observed changes of 153 pF to 400 pF for different soil moisture ranges of 7% to 55% respectively in the black clayey soil. The response time for the fabricated microsensors is around 120 seconds in the soil for all types of measurements. Further, the change in response of the sensor is 16% when the temperature varies from 25 ᴼC to 50 ᴼC. Thus, we conclude that MoO3 is one of the potential oxides in the capacitive sensor platform and can be used for the in-situ soil moisture sensing.
INTRODUCTION
Improving crop productivity has always driven the researchers for technological improvement in agriculture. It is apparent that in a dry farming country, agriculture is infeasible and non-profitable. The rationale behind non-profitability is the lack of implementation of affordable technologies, which leads to a decrease in the crop's yield. In a country where dry farming is predominant, efficient irrigation technology would be valuable. To improve crop productivity, it is important to monitor crop health at regular intervals, where it is essential to use the optimum water required for the given soil and crop type. Optimum irrigation is one of the efficient methods to improve the crop productivity and helps to conserve the water. For the optimum irrigation, soil moisture sensors are widely used. To implement the sensors in large area it is important that sensors have to be stable and affordable and should be independent of diurnal temperature drifts. Advancement in the microfabrication technology has enabled to build an affordable soil moisture sensor [1] [2] [3] [4] .
Soil moisture represents the amount of water present in the soil, which is expressed either as gravimetric or volumetric moisture content [1] . A detailed review of different volumetric soil moisture sensors is reported in [1] . Further, gravimetric type of measurements are always performed in the laboratory environment and for volumetric measurements the experiments are performed in both laboratory and in situ measurement [1] , [5] . Some of the volumetric soil moisture measurement techniques reported to date are neutron scattering probe technique, time-domain reflectometry (TDR), and frequency domain reflectometry (FDR) and are considered as accurate techniques [6] [7] [8] . However, major drawback of these sensors is they are very expensive [1] . On one hand, heat pulse, galvanic based, tensiometer sensors are platforms for the soil moisture measurements that are commercial and economical. On the other hand, they are prone to severe temperature drifts and require frequent soil-specific calibrations [1] , [9] [10] .
Earlier, researchers have reported nanomaterials based relative humidity (RH) sensors, which offers high sensitivity [11] [12] [13] . Further, advancement in the sensing technology led the researchers to develop the polymer and graphene based soil moisture microsensor [2] , [14] . However, polymers such as PEDOT: PSS and polyaniline, which are reported for the moisture measurements have poor stability and degrade over a shorter time-frame and are vulnerable to temperature drifts [15, 16] . Researchers have reported that capacitive based sensors offers good stability for gas sensing applications [17] [18] [19] . However, researchers have not explored the potential use of the capacitive microsensors for the agriculture applications using MoO3. In this paper, we are exploring the new material molybdenum trioxide (MoO3) for the in-situ soil moisture measurements due to its low-cost synthesis process. An affordable and temperature independent micro soil moisture sensor, which uses the MoO3 as the sensing film is explored in this work. We studied the response of capacitive sensor, hysteresis, and response time on the clayey black soil. Furthermore, we studied the effect of diurnal temperature variation on the sensor response.
II. MATERIALS AND METHODS
Molybdenum oxide (MoO3) is purchased from Alfa Aesar [20]. 5 mg of MoO3 is dispersed in 1 ml of deionized water and kept for the sonication for about 24 hours. In agriculture, optimum irrigation depends on the field capacity (FC) and permanent wilting point (PWP). FC and PWP are function of soil types such as soil texture, mineral content etc. [21] . Therefore, fabricated microsensors need a soil specific calibration where soil sample preparation plays an important role in precise measurements. In this experiment, we have used the clayey soil for all measurements. Firstly, the soil samples were collected from the agriculture field and oven-dried at 105 0 C for 24 hours. Further, the soil samples were crushed and converted into fine particles followed by sieving through a sieve of 1 mm. Subsequently, required amount of water was added to the soil samples and kept for maturing (about 48 hours).
Eventually, the water content is measured by using the standard gravimetric technique [22, 23] . The soil sample is then placed in a mould, and the fabricated sensor response is recorded for different soil moisture values. The moisture content of the prepared soil samples is measured using standard oven-dried method, which gives the content gravimetric moisture content (w).
III. SURFACE CHARACTERIZATION AND SENSOR FABRICATION AND PACKAGING
Scanning electron microscopy (SEM) based imaging was done using Zeiss instrument to estimate the particle size of MoO3 [24] . We identified micron size particles of MoO3 with varied sizes and shapes as shown in Fig. 1 . However, the surface area of the structure on these particles was high leading to the high sensitivity. Cleanroom fabrication process flow was adopted to produce interdigitated electrode (IDE) structures. Firstly, ptype silicon (Si) wafer was cleaned using standard RCA, followed by the deposition of l μm of silicon dioxide (SiO2) layer using thermal oxidation. Secondly, lithography was carried out with photoresist (PR) on the Si wafer using spin coater. To pattern the PR with IDE, a mask was used whose distance between the two electrodes is around 5 µm and width of each electrode is around 3.5 µm. Subsequently, development process was carried out in the developer. Further, Ti/Au (20 nm/ 190 nm) was deposited on the SiO2 using metal sputter, followed by lift-off in acetone to achieve the Ti/Au electrodes. Then, the wafer rinsed with distilled water (DI). Then, 20 μL of MoO3 sheets dispersed in water (5 mg/mL) is drop cast between the IDE and air-dried for 3-4 hours before electrical measurements. Fig. 2 (a) shows the SEM image of fabricated IDE micro-sensor. Fig. 2 (b) shows the width of the IDE arm is around 3.5 µm and interspacing between two arms is around 5 µm. IDE offers an advantage of large sample deposit [25] . Another important aspect of soil moisture microsensors is packaging and is a crucial step, especially when sensors are used for the in-situ measurements. Fig. 3 (a) shows the packaging of the microsensors, where sensor is protected with a mesh wrapped orthogonally and with a mesh size of 500 microns. Packaging of the sensors will avoid the direct contact of the soil with the sensors and will allow only soil moisture to diffuse inside the sensor cell. Such packing will enhance the reusability of the sensors. Fig. 3 (b) shows the fabricated microsensor deployed in the soil. Fig. 3 (c) shows the fabricated microsensor connected to the LCR meter for measuring the sensor response. IDE along with MoO3 is mounted on the printed circuit board (PCB) and contacts are taken out as sensor output. In this paper, we have used MoO3 oxide as the sensing film and black clayey soil for the measurements. Fabricated microsensors are deployed in the soil sample containing different moisture levels and respective changes are recorded in capacitance-voltage format. All experiments are performed under laboratory conditions, where relative humidity and temperature are maintained at 55 % RH and 25 ᴼC, respectively, which is the default setting in the laboratory. The excitation voltage from the LCR meter was kept at 1V and 500 Hz. The applied level of voltage is not increased beyond 1V to avoid the electrolysis of water molecule [14] .
From Fig. 4 (a) it can be clearly seen that the sensor capacitance raises with an increase in the water content. The resultant change in capacitance could be due to increase in the dielectric constant of the MoO3 film, which in turn could be due to the interaction of water molecule with MoO3 [25, 26] . From Fig. 4 (a) it is also evident that sensor capacitance decrease with increase in the excitation frequency and capacitance of the sensors remains almost flat after 10 kHz. We observed that at higher frequencies the capacitance is lesser and possible reason might be the polarization of the water molecule on the sensor surface unable to catch up with high-frequency rate (as the electrical field changes quickly at higher frequencies), and thus dielectric constant is small and becomes independent of soil moisture [19] . Fig. 4 (b) shows the hysteresis observed in the soil moisture measurements. For the hysteresis study, fabricated sensors were deployed in the soil samples containing moisture levels in the increasing order termed as adsorption. Further, the fabricated sensors were deployed in the soil samples with decreasing order of water content, which is termed as desorption. From Fig. 4 (b) it is evident that sensors exhibit the hysteresis. It is attributed to the increase in the charge traps present in the MoO3 film [25] . Fig. 4 (a) Microsensor response for different gravimetric water content at various frequencies for the black clayey soils, (b) Hysteresis of the fabricated microsensor Key factors like the response time, recovery time and effect of temperature on the sensor are quite essential to understand the response mechanism of in-situ soil moisture measurements. In Fig. 5 (a) , we can see soil moisture maintained at 23 % for the fabricated microsensor in black clayey soil. As shown in Fig. 5 (a), at the beginning of time scale in x-axis, ON corresponds to response time where the change in capacitance begins and around after 120 seconds becomes flat (termed as on). Similarly, we observed that the recovery time of around 10 to 20 seconds which is less as the sensors are purged with air (corresponds to OFF). Diurnal temperature drift in the air is a crucial parameter that influences the sensor performance. In our experiments, we assumed that drift in the ambient (air) temperature will lead to the temperature drift inside the soil, which is in agreement with literature [27, 28] . In this study, we keep the sensors in the environmental chamber, where temperature is varied from 25 0 C to 50 0 C and humidity is maintained at 55% RH. Fig. 5 (b) shows the effect of ambient temperature on the sensor capacitance. From Fig. 5 (b) , it is clear that sensors capacitance increases with the increase in temperature from 25 0 C to 50 0 C. On the whole, sensor response changes from 180 pF to 210 pF, which results in 16% change with respect to the 25 0 C. We chose 23% gravimetric moisture content which is close towards the welting point of black soil. Thus, we did our response study in that regime as it is the minimum point where a plant can sustain with minimal water. In future we intend to integrate an on-chip microsupercapacitors for storing energy [29] and utilizing it for measurements and wireless communication. Similarly, oxides can be replaced by Metal Organic Frameworks (MOFs) [30] to enhance the sensing in the chip and temperature stability. V. CONCLUSIONS To improve the crop yield it is advisable to perform the optimum irrigation for which soil moisture sensors are used widely. Considering the affordability for the large area deployments, we have fabricated the microsensor, where MoO3 is used as the sensing film. In this experiment, we studied the sensor response for different soil moisture levels. We have analyzed the sensor's response time, hysteresis and effect of temperature on the performance of the sensor. Oxide-based microsensor has opened avenues for new sensing platform for the in-situ agriculture applications. However, the challenge lies in the packaging, accuracy, and calibration for every soil and needs copious field testing to establish it as the standard moisture sensors. Here we achieved a sensitivity of 94% (at 500Hz drive frequency) and the corresponding response time is 120 seconds. Furthermore, for the tests performed in the temperature range of 25 °C to 50 °C (average Indian temperature), it resulted in 16% change in the sensor capacitance, which eventually will be eliminated by the temperature compensation methods. A copious field testing is required to prove it as the potential sensor for the in-situ measurements. Future work would be testing the sensor's response for various soil types and understand in-depth performance.
